Background Osteophyte formation is a common phenomenon in arthritis. Bone formation by endochondral ossifi cation is considered a key pathophysiological process in the formation of osteophytes. Objective To examine the hypothesis that inhibition of smoothened (Smo), a key component of the hedgehog pathway inhibits osteophyte formation as the hedgehog pathway mediates endochondral ossifi cation. Methods Arthritis was induced in 8-week-old C57/BL6 mice by serum transfer (K/BxN model). Mice were then treated by daily administration of either vehicle or LDE223, a specifi c small molecule inhibitor for Smo, over 2 weeks starting at the onset of disease. Clinical course of arthritis, histological and molecular changes of bone in the affected joints as well as systemic bone changes were assessed. Results Serum transfer-induced arthritis led to severe osteophyte formation within 2 weeks of onset. Blockade of Smo inhibited hedgehog signalling in vivo and also signifi cantly inhibited osteophyte formation, whereas the clinical and histopathological signs of arthritis were not affected. Also, systemic bone mass did not change. Smo inhibitor particularly blocked the formation of hypertrophic chondrocytes and collagen type X expression. Conclusions The data indicate that blockade of hedgehog signalling by targeting Smo specifi cally inhibits osteophyte formation in arthritis without affecting infl ammation and without eliciting bone destruction at the local and systemic level. Blockade of Smo may thus be considered as a strategy to specifi cally infl uence the periosteal bone response in arthritis associated with bone apposition.
INTRODUCTION
Infl ammatory and degenerative joint diseases frequently elicit proliferative responses of the periarticular periosteal bone, leading to the formation of bony spurs (osteophytes). In infl ammatory arthritis, such as psoriatic arthritis and spondyloarthritis, osteophytes or syndesmophytes originate at the bone cartilage border or tendon insertion sites (entheses), respectively, in peripheral joint and the vertebral bodies. Within this process periosteal cells and cells located in the entheses appear to be primarily involved. Areas of fi brocartilage at the insertion sites of the tendons are particularly sensitive to osteophyte formation and mechanical forces have been considered as important triggers for the onset of these lesions. 1 Osteophytes and syndesmophytes can lead to ankylosis with impairments of motion and joint dysfunction. It is therefore of central importance to understand the molecular mechanisms, which drive bony spur formation to develop strategies to prevent them.
The mechanism of osteophyte formation, however, is incompletely understood. 2 -4 Osteophytes are typically formed by endochondral ossifi cation: mesenchymal cells undergo condensation and start chondrogenic differentiation, going through different stages and thereby progressively expressing collagen type II, later becoming prehypertrophic and hypertrophic cells expressing collagen type X. The latter cells also express matrix metalloproteinase 13 and vascular endothelial growth factor. This results in the formation of vessels and invasion of osteoclasts that break down the calcifi ed matrix and attract osteoblast precursors, leading to bone formation. Within this complex process the replacement of hypertrophic cartilage by bone and also the steering effect of border hypertrophic chondrocytes may play a role. 5 Bone morphogenic proteins (BMPs) as well as Wnt proteins (Wnts) appear to support osteophyte formation as both pathways are crucially involved in osteoblast differentiation. Their infl uence on the chondrocyte differentiation is, however, different as BMPs support early differentiation of progenitor cells into chondroblasts, whereas some Wnts may have an inhibitory effect on chondrocyte differentiation. 6 -8 Strategies blocking BMP or Wnt proteins successfully suppress osteophyte formation but may also affect bone formation in general, as osteoblasts physiologically depend on these two pathways. In contrast, hypertrophic chondrocytes are part of endochondral ossifi cation and typically localised in the growth plates but are not involved in physiological turnover of the adult skeleton. Hypertrophic chondrocytes are abundantly and consistently present in osteophytes of mouse models of infl ammatory arthritis and human lesions.
Hh is a protein family consisting of sonic hedgehog (Shh), Indian hedgehog (Ihh) and desert hedgehog (Dhh) which plays a crucial role during embryonic development by governing growth through the development of chondrocytes and promoting endochondral ossifi cation. 9 -11 Ligation of Hh to the Hh receptor patched 1 (Ptch1) leads to its dissociation from its key component smoothened (Smo). Smo a G protein-coupled receptorlike molecule positively regulates (Hh) signal transduction by activating several downstream transcription factors termed glioma-associated-oncogen-homologues (Gli1, Gli2, Gli3), which induce the transcription of Hh-dependent genes. 12 13 Activation of Hh signalling is especially important for chondrocyte hypertrophy during development. Also postnatally Hh appears to drive chondrocyte hypertrophy. Thus, pathological chondrocyte hypertrophy in the osteoarthritic articular cartilage has been linked to Hh signalling. 14 However, it is not clear whether the same mechanisms apply to osteophyte formation.
Based on its key role in the differentiation of hypertrophic chondrocytes and the abundance of these cells in osteophytes we speculated that the Hh pathway contributed to osteophyte formation of arthritis. In this study, we blocked Hh by targeting its essential component Smo in an experimental mouse model of infl ammatory arthritis.
MATERIAL AND METHODS Animals and treatment
Eight-week-old male C57/BL6 mice were used for this study. Animals were divided into three groups (n=6/group): In groups 1 and 2, arthritis was induced by intraperitoneal injection of 300 μl serum from K/BxN mice as described previously. 15 The third group was left untreated and served as negative control group. Three days after arthritis induction, animals were treated according to the following protocol: group 1 received the selective orally bioavailable Smo antagonist LDE223 (40 mg/kg/day; obtained from Novartis, Basel, Switzerland 16 ; dissolved in 10% dimethyl sulphoxide (DMSO) in polyethylene glycol-300 (PEG-300) and group 2 received the vehicle (10% DMSO in PEG-300) only. LDE223 is a potent selective orthobiphenylcarboxamide structure Smo antagonist with an IC50 of 11 nM (at 1 mM Hh agonist) in a Gli luciferase activity shift assay and with an IC50 of 55 nM in a Smo binding assay using Bodipy cyclopamine competition. Treatments were administered once daily in a total volume of 100 μl by oral gavage. Vehicle (10% DMSO in PEG-300) treatment itself did not have any effects on clinical and histological signs of arthritis when results were compared with phosphate-buffered saline-treated mice (data not shown). After 2 weeks, animals were killed by cervical dislocation under general anaesthesia. The local ethics committee of the University of Erlangen-Nuremberg approved the animal procedures.
Assessment of arthritis
Mice were assessed for body weight and the clinical signs of arthritis were semiquantitatively evaluated as described previously: Briefl y, joint swelling was examined in all four paws, and a clinical score of 0-3 was assigned (0 = no swelling, 1 = mild, 2 = moderate and 3 = severe swelling of the toes and ankle). In addition, grip strength was examined in each paw, using a 3 mm diameter wire, and was scored on a scale of 0 to −4 (0 = normal grip strength, −1 = mildly reduced, −2 = moderately reduced, −3 = severely reduced and −4 = no grip strength). 8 
Histological analysis and bone histomorphometry
Left and right paws were fi xed overnight in 4.0% formalin and then decalcifi ed with EDTA, embedded in paraffi n and stained with haematoxylin and eosin (H&E), tartrate-resistant acid phosphatase (TRAP) and toluidine blue for histological assessment of articular infl ammation, proteoglycan loss, bone erosions and osteophyte formation. Analysis was performed using a microscope (Nikon, Berlin, Germany ) equipped with a video camera and digital analysis system (OsteoMeasure; OsteoMetrics, Decatur, GA, USA ).
For determination of cartilage proteoglycan loss the areas of total cartilage and non-labelled cartilage were measured in sections stained with toluidine blue, as described previously. 17 The areas of infl ammation and bone erosions were evaluated in H&E-stained sections as the sum of the areas of infl ammation and erosions, respectively, in all digital, carpal and tarsal joints. Osteoclasts were assessed by counting multinucleated TRAP-positive cells in each paw section. 18 Hypertrophic chondrocytes within osteophytes were identifi ed by their characteristic morphology and were counted on toluidine blue-stained hind paw sections. Quantifi cation was performed by relating the number of hypertrophic chondrocytes to total cell number within osteophytes. Osteophyte-covered bone surface was also determined by histomorphometry by measuring the length of periosteal bone surface covered by osteophytes and relating it to the length of total periosteal bone surface.
Trabecular bone architecture was measured using undecalcifi ed plastic-embedded methylmethacrylate sections of tibial bones (Technovit; Heraus Kulzer, Wehrheim, Germany). Sections (3-4 μm) were stained with von Kossa and Goldner for the analysis of structural parameters of the trabecular bone by histomorphometry. Bone volume per total volume, trabecular number and trabecular thickness were measured as recommended by the American Society of Bone and Mineral Research. 19 
Dynamic labelling of bone
Bone formation was assessed by dynamic histomorphometry. Calcein (30 mg/kg body weight, Sigma-Aldrich, St. Louis, MO, US) was injected subcutaneously 9 and 2 days before mice were sacrifi ced. The entire bone marrow region of the left tibia (trabecular compartment) and the periosteal bone of the tibia were separately assessed by fl uorescence microscopy and mineral apposition rate (μm/day) was determined by histomorphometry.
Immunohistochemistry
Tissues were carefully prepared, fi xed in paraformaldehyde and embedded in paraffi n. Sections (2-3 μm) were deparaffi nised, hydrated and incubated with hyaluronidase (Roche, Grenzach, Germany) for antigen retrieval. Samples were incubated overnight with a polyclonal rabbit antiperiostin antibody (ab14041, Abcam, Cambridge, MA, USA) at a concentration of 5 μg/ml, or a polyclonal rabbit anti-Gli2 antibody (ab7195, Abcam) at a concentration of 10 μg/ml or a monoclonal mouse anticollagen type X antibody (provided by Klaus von der Mark, Erlangen, Germany) at a concentration of 10 μg/ ml. As negative control normal rabbit or mouse IgG (Dako, Vienna, Austria) at a concentration of 10 μg/ml was used. Appropriate secondary antibodies were used and detection was performed with FastRed TR/Naphthol (Sigma) resulting in red staining of antigenexpressing cells.
RNA isolation and quantitative reverse transcription-PCR
RNA was isolated from hind paws using Trizol (Invitrogen, Grand Island, NY, USA). Quantitative reverse transcriptase-PCR was performed using SYBR Green. The expression of the target molecules was normalised to the expression of β-actin. Untreated wild-type mice served as reference for comparison between groups and no amplifi cation factor was used for relative mRNA calculation. The data are expressed as arbitrary units. Details of the primers for β-actin, osteocalcin, Ihh, transforming growth factor (TGF)-β, BMP2, Sox9, Runx2, Smad3, periostin, gli-2, osterix and collagen type X can be found in the online supplementary table 1.
ELISA
Serum was analysed using commercially available ELISA kits for osteocalcin, TGFβ (both R&D Systems, Minneapolis, Minnesota, USA) and collagen type II cleavage products (Teco, Sissach, Switzerland).
Micro-CT
Right tibial bones were fi xed overnight in 4.0% paraformaldehyde and stored in 70% ethanol before micro-CT analysis with a high-resolution CT scanner (GE explore Locus SP Specimen Scanner; GE Healthcare, London, Canada). Bones were placed in a sealed acrylic specimen holder containing phosphate-buffered saline and a hydroxyapatite phantom, which was used to calibrate Hounsfi eld units (HU) to mineral density (mg/ml). After scanning, images were reconstructed to an isotropic voxel size 
Statistical analysis
Data are presented as the mean ± SEM, when Gaussian distribution was present or as median (range) when Gaussian distribution was absent. For group comparison, we used oneway factorial analysis of variance with the ANOVA test or the Mann-Whitney test (when not normally distributed). A p value <0.05 was considered signifi cant.
RESULTS

Blockade of Smo does not affect joint infl ammation but specifi cally blocks osteophyte formation
We fi rst tested whether blockade of Hh pathway by targeting Smo inhibits arthritis. Clinical symptoms of disease developed quickly 2-3 days after serum transfer and resulted in signifi cant weight loss, joint swelling and reduction in grip strength. No signs of arthritis were seen in the control group. Blockade of Smo had no effect on any of the aforementioned clinical signs of the disease ( fi gure 1A ).
To investigate the effects of Hh inhibition in more detail, we performed histological analyses of the hind paws 14 days after arthritis induction. Mice exposed to serum transfer showed prominent synovial infi ltration, bone erosion and cartilage damage. We could not detect any effect of Smo inhibition on the quantity of the synovial infl ammatory infi ltrates (median area of infl ammation: vehicle: 1.95 mm 2 vs LDE223: 1.9 mm 2 , p=0.84). Also, there was no difference in the cellular composition of macrophages, neutrophils, T lymphocytes and B lymphocytes (data not shown). Moreover, both vehicle-and LDE223-treated mice showed a similar amount of proteoglycan loss of the articular cartilage (median percentage destained cartilage: vehicle: 19.08% vs LDE223: 15.49%, p=0.28), osteoclast differentiation and bone erosion (median erosion area: vehicle: 0.62 mm 2 vs LDE223: 0.56 mm 2 , p=0.60) ( fi gure 1B ).
As with many other models of arthritis, osteophyte formation is a key feature of serum transfer arthritis. Lesions usually emerge at sites exposed to mechanical stress such as the calcaneal bone and the tendon insertion sites of tarsal bones. We quantitatively assessed osteophytes and found large lesions in vehicle-treated mice (median percentage of tarsal bone covered by osteophytes: 15.27%). No osteophytes were found in the negative control group which was not induced for arthritis, clearly indicating that these lesions are specifi cally linked to arthritis. Smo inhibition signifi cantly inhibited the development of osteophytes (median percentage of tarsal bone covered by osteophytes: 9.02%, p=0.001). As hypertrophic chondrocytes are considered important for osteophyte formation, we also analysed the relative numbers of hypertrophic chondrocytes within osteophytes in untreated and LDE223-treated animals. Smo blockade yielded signifi cantly reduced numbers of hypertrophic chondrocytes in osteophytes (median percentage of hypertrophic chondrocytes: vehicle: 15.22% vs LDE223: 8.60%, p=0.001) ( fi gure 1C ).
Irregular periosteal bone apposition was normalised after blockade of Smo
We next specifi cally assessed bone formation at periosteal and trabecular skeletal sites of the tibial bone by measuring mineral apposition using calcein labelling. Whereas, there was homogeneous bone apposition at cortical sites of non-arthritic controls ( fi gure 2A ), serum transfer-induced arthritis led to enhanced as well as irregular patchy apposition of bone, particularly close to the ankle joint, indicating that arthritis affects the anatomy and function of the periosteal bone area. This effect was normalised by Smo blockade ( fi gure 2A ). In contrast, arthritis did not enhance bone formation in the trabecular bone compartment but rather led to a small decrease of bone formation, which did not reach statistical signifi cance ( fi gure 2B ). A very similar pattern was also seen in mice treated with LDE223, suggesting that Smo blockade specifi cally inhibits cortical bone changes in arthritis. The lack of an effect of Smo blockade on trabecular bone is also highlighted by a detailed analysis of the trabecular bone architecture showing no differences between vehicle and LDE223 treated mice (online supplementary fi gure 1).
Blockade of Smo rescues arthritis-induced upregulation of chondrocyte and osteoblast differentiation genes
We next characterised the molecular effects of Smo blockade in vivo by quantitatively analysing the mRNA expression of genes involved in chondrocyte and osteoblast differentiation in arthritic joints. As compared with non-arthritic controls, we found signifi cant upregulation of genes involved in chondrocyte differentiation and early endochondral ossifi cation such as Ihh, Smad3, Sox9, TGFβ and BMP2 in the joints of vehicletreated arthritic mice ( fi gure 3A -E ). Importantly, Smo blockade completely abrogated the upregulation of Ihh, Smad3, Sox9, TGFβ and BMP2 and mRNA levels were indistinguishable from non-arthritic control mice ( fi gure 3A -E ). When analysing the expression of markers of osteoblast differentiation, we found that Runx2 and osterix were signifi cantly increased in arthritic joints as compared with non-arthritic controls ( fi gure 3F -G ). Again, this effect was effi ciently inhibited by blocking Smo. Interestingly, osteocalcin, a marker for osteoblast function, was signifi cantly downregulated during autoantibody-induced arthritis: osteocalcin expression was almost three times reduced in arthritic animals as compared with non-arthritic controls.
This downregulation was rescued in arthritic mice subject to blockade of Smo.
Periosteal activation and chondrocyte hypertrophy in arthritis depend on hedgehog signalling
Based on the inhibitory effects of Hh blockade on osteophyte formation we considered that reactivation of this developmental signalling pathway is pivotal for endochondral ossifi cation and periosteal activation. Expression of collagen X, a specifi c marker for hypertrophic chondrocytes was virtually absent in nonarthritic mice but strongly increased in vehicle-treated arthritic mice ( fi gure 4A ). After Smo blockade, however, no expression of collagen X mRNA and protein could be detected, suggesting complete abrogation of chondrocyte hypertrophy after Hh inhibition ( fi gure 4D ). Moreover, also, the downstream transcription factor of Smo, Gli2, a marker of hedgehog signalling activation, 20 was expressed both on protein and mRNA level at sites of hypertrophic cartilage formation. Gli2 expression was also blocked when inhibiting Smo, by LDE223. Furthermore, collagen X and Gli2 expression at sites of osteophyte formation was accompanied by periosteal activation as mirrored by induced expression of periostin ( fi gures 4B , C , E , F ). Periostin is expressed by developing osteoblasts and its expression is induced by both TGFβ and BMP2. 21 The virtually complete inhibition of mRNA expression of periostin and the partial inhibition of periostin protein expression after blockade of Smo suggest an intensive interaction between Hh-induced hypertrophic cartilage formation and osteoblastogenesis.
Smo directly regulates cartilage and bone metabolism
We also aimed to assess whether the effect of Smo inhibition can be seen by assessing systemic markers of cartilage and bone metabolism. We measured TGFβ serum levels by ELISA, as it is an important contributor to chondrocyte hypertrophy and bone formation. Interestingly, TGFβ levels were increased in vehicle-treated arthritic mice (mean±SD serum level 72.63 ± 9.52 pg/ ml) as compared with non-arthritic controls (55.39 ± 8.98 pg/ml p=0.031). Moreover, Smo blockade reversed elevated TGFβ levels (57.47 ± 7.81 pg/ml p=0.017) ( fi gure 5A ). We also measured collagen type II cleavage products by ELISA. Interestingly, we found elevated levels of collagen II turnover in vehicle-treated arthritic mice (mean±SD serum level 416.5 ± 36 pg/ml) as compared with non-arthritic controls 279.2 ± 15 pg/ ml, p=0.041), indicating a state of active cartilage metabolism ( fi gure 5B ). Again, inhibition of Smo reversed elevated cartilage metabolism (299 ± 14 pg/ml p=0.049). At the same time, serum levels of osteocalcin, which were decreased in vehicle-treated arthritic mice compared with healthy controls (mean±SD serum levels 44.22 ±7.98 ng/ml vs 19.65 ± 7.87, p=0.0043), were signifi cantly increased (34.92 ± 12.26 ng/ml p=0.0043 compared with vehicle-treated arthritic mice) after 2 weeks of treatment ( fi gure 5C ).
DISCUSSION
In this study we show a central role of the Hh pathway in osteophyte formation during infl ammatory arthritis. By using a specifi c inhibitor against the key Hh signalling component Smo we (1) signifi cantly reduced osteophyte formation within 2 weeks of onset of arthritis but (2) did not affect the infl ammatory signs of arthritis and (3) did not induce a negative effect on systemic bone turnover and trabecular bone architecture. Molecular analyses showed that Smo blockade affected endochondral ossifi cationthat is, the formation of hypertrophic chondrocytes, which are directly involved in the process of osteophyte formation. Joint diseases with the exception of rheumatoid arthritis are typically characterised by bony spur formation, which emerges from the periarticular periosteal surface. This process can be seen as an intrinsic reaction pattern of joints towards mechanical and/ or infl ammatory stress. Bony spurs thus represent an overshooting reaction of the joint building bony bridges, which stabilise the affected region. At the same time bony spur formation is part of a pathological process, which leads to ankylosis and loss of function of the affected joint. Osteophytes are based on new bone formation, which occurs locally at the site of infl ammation, particularly when infl ammation coincides with regions exposed to high mechanical load such as the entheses. Importantly, new bone formation in conjunction with osteophytes is a local process which contrasts systemic loss of trabecular bone in infl ammatory disease. Thus, about 40-60% of patients affected by ankylosing spondylitis show osteopenia, an indicator of trabecular bones loss. Moreover, osteoporosis and fracture risk are increased in ankylosing spondylitis despite abundance of new bone formation along the periosteal sites. 22 -24 These clinical observations demonstrate that highly divergent processes are occurring in the outer cortical bone surface, which shows a net increase of bone, and the inner trabecular skeletal compartment, which is subject to net bone loss. As a consequence, factors have to be identifi ed which specifi cally trigger new bone formation at periosteal sites, as only inhibition of such factors may provide a therapeutic rationale to interfere with osteophyte formation without precipitating further trabecular bone loss.
Generation of osteophytes requires periosteal activation, which is highlighted by the proliferation and differentiation of mesenchymal cells building the periosteum. These cells differentiate into hypertrophic chondrocytes and also into osteoblasts depositing mineralised extracellular matrix. This process of endochondral ossifi cation is also found in the growth plates and is an essential process in the development and growth of long bones. Classically infl ammatory mediators such as tumour necrosis factor α (TNFα) and interleukin 1 are not the main triggers for new bone formation but rather induce bone loss. Thus infl ammatory cytokines are not responsible for osteophyte formation but can be regarded as precipitators for enhanced bone loss. 25 For instance, TNF induces osteoclast differentiation and enhances bone resorption. At the same time TNFα inhibits bone formation by stimulating the expression of proteins that interfere with the Wnt signalling pathway, which is an essential mediator of osteoblast differentiation. In accordance, blockade of an infl ammatory cytokine such as TNFα but also factors involved in osteoclastogenesis do not halt new bone formation in animal models of arthritis or in human disease. 26 -29 Recently, growing scientifi c interest has been directed towards the role of molecules involved in bone formation in the pathogenesis of osteophytes. Different anabolic pathways such as TGFβ, BMPs and Wnt proteins have been described as inducing new bone formation and building up osteophytes during the course of arthritis. 6 9 30 However, as these pathways are also fundamentally involved in physiological bone remodelling, inhibition of these pathways may precipitate osteoporosis and may thus not be a feasible therapeutic strategy in infl ammatory diseases, which already show an increased risk of osteoporosis. Some of the molecular processes involved in osteophyte formation, however, may be specifi c and may not play a role in physiological bone remodelling of the adult skeleton but rather may reactivate old developmental programmes regulating bone growth.
The Hh signalling pathway is one of the fundamental signal transduction pathways in embryonic development. Hh proteins bind to the receptor Ptch, which releases Smo, promoting the activation of the transcription factors Gli1, Gli2 and Gli3. Among them, Gli2 and Gli3 are the primary responders, whereas Gli1 has been described acting to amplify the response. Moreover, Gli2 appears to function predominantly as a transcriptional activator in vivo, 19 whereas Gli3 functions primarily as a repressor. In mammals, three Hh proteins are known: sonic hedgehog (Shh), which is involved in the neural tube formation and in the morphogenesis of various organs including the axial skeleton, limbs, lungs, skin, hair and teeth, and is also a regulator of the development of hair follicles and sebaceous glands. Desert hedgehog (Dhh) has been described as regulating spermatogenesis and helping in the organisation of the perineurium. Finally, Indian hedgehog (Ihh) which coordinates proliferation and maturation of chondrocytes during the development of the endochondral skeleton. Ihh is expressed in prehypertrophic chondrocytes and regulates the development to hypertrophic differentiation by negative regulation of parathyroid hormone related protein (PTHrP). PTHrP acts through its receptor Pthr1 inhibiting chondrocyte hypertrophy and suppressing Ihh expression keeping chondrocytes in a proliferating state. 31 32 Recent studies have shown a role for Hh in hypertrophic chondrocyte formation in the cartilage of experimental osteoarthritis (OA). 14 Hh is activated in human and mouse OA, and cartilage in OA shows high expression of Hh targets, such as Gli1, Ptch1 and Hhip associated with chondrocyte hypertrophy and collagen X expression. Interestingly, activation of Hh signalling in chondrocytes caused a more severe osteoarthritic phenotype in a surgical model of OA. These data demonstrated the role of Hh in adult tissue-that is, in pathological changes of the cartilage associated with chondrocyte hypertrophy.
In our study, we demonstrate a specifi c effect of Smo inhibition on osteophyte formation, suggesting a central involvement of the Hh pathway in the process of bony spur formation during arthritis. Milder, but not signifi cant, cartilage-protective effects of Hh targeting were also found, which reinforce the aforementioned concept that chondrocyte hypertrophy is a process involved in cartilage destruction. The lack of effect on infl ammation is important as it shows that inhibition of Smo directly acts on osteophytes and that the observed effects are not indirect owing to blunted infl ammation. Moreover, there was no enhancing effect on osteoclast formation and bone erosion upon Hh blockade. Cross-talk between Wnt proteins and BMPs and the RANKL/OPG system has been described: activation of the Wnt pathway blocks bone resorption through upregulation of OPG. 33 Thus, interference with the Wnt pathway, but also with BMP signalling, which share common intracellular targets, might enhance bone resorption. In contrast, Smo inhibition did not yield any effect on bone erosion. This fi nding could be based on the fact that Hh signalling itself can enhance osteoclastogenesis and bone resorption via the upregulation of PTHrP and Crebmediated RANKL transcription, 33 34 which is abolished when the Hh pathway is disrupted. Moreover, no negative effects on systemic bone architecture and bone formation in the trabecular bone compartment were seen. Hh targeting even reversed the decrease of osteocalcin expression as well as the drop in osteocalcin serum levels seen in arthritis, indicating that no systemic suppression of bone formation occurs when Hh signalling is blocked. The virtually complete inhibition of periostin expression after blockade of Smo, however, suggests an intensive interaction between Hh-induced hypertrophic chondrocyte formation and local periosteal osteoblastogenesis, which is required for the remodelling of chondrocytic regions of the osteophyte into new bone.
In summary, we conclude that targeting of the Hh signalling pathway by inhibition of the central signalling component Smo specifi cally blocks osteophyte formation in infl ammatory arthritis without precipitating local or systemic bone loss. The high potential of Hh targeting in blocking chondrocyte hypertrophy and the central role of endochondral ossifi cation in the emergence of osteophytes are the reasons why Hh inhibition infl uences osteophyte formation in arthritis. This concept provides a unique chance of developing therapeutic strategies to specifically target osteophyte formation and to modify the periosteal response and prevent ankylosis in arthritis.
